A combination of molecular dynamics and quantum chemistry techniques have been employed to study the electronic excitation and conformational potential surface of retinal in the binding site of bacteriorhodopsin (bR). The CASSCF(6,9)/6-31G level of ab initio calculations (within Gaussian92) has been used for the treatment of both the ground (S0) and excited (S1) states of retinal. Charges of all atoms in the protein are represented by spherical Gaussians and explicitly included in the electronic Hamiltonian of retinal. Spectral properties have been analyzed for the native bR pigment as well as for its D85N mutant.
Introduction
Bacteriorhodopsin (bR) spans the cell membrane of Halobacterium halobium and functions as a light-driven proton pump. bR contains seven α-helices which enclose the prosthetic group, all-trans retinal, bound via a protonated Schiff base linkage to Lys-216. Figure 1a shows the chemical structure of retinal and its conventional numbering scheme. The bR structure is presented in Fig. 2a . Retinal absorbs light and undergoes a photoisomerization process; the thermal reversal of this reaction is coupled to transfer of a proton from the cytoplasmic side (top in Fig. 2a ) to the extracellular side (bottom in Fig. 2a ) of the protein.
Recent reviews that discuss the structure and function of bR are [1, 2, 3, 4, 5, 6, 7] . Figure 1 here Bacteriorhodopsin accomplishes its function through a cyclic process initiated by absorption of a photon. This photon triggers an isomerization of retinal, which proceeds then through several intermediate states identified by their absorption spectra. An accepted kinetic scheme for this cycle is an unbranched series of intermediates, shown in Fig. 3 . Photoisomerization occurs in the bR 568 → J 625 transition. During the L 550 → M 412 transition the Schiff base proton is transferred to Asp-85 and, subsequently, to the outside of the cell [8, 9, 10, 11, 12, 13] . During the M 412 → N 520 transition, a proton is transferred to the Schiff base from Asp-96, which then takes up a proton from the cytoplasmic environment [13] . The reaction cycle is completed as the protein returns to bR 568 via the O 640 intermediate. Figure 2 here When bR is allowed to equilibrate in the dark, it converts within an hour to a 2:1 mixture containing 13-cis retinal and all-trans retinal bR [14] . The protein containing the 13-cis retinal isomer of bRis referred to as the dark adapted (DA) pigment of bR, bR 548 , which absorbs at 548 nm. bR 548 contains, actually, retinal in a 13-cis ,15-syn geometry as suggested first in [15] and observed in [16, 17, 18] . bR 548 undergoes a light-driven photocycle similar to that of all-trans retinal which also involves an initial photoisomerization about the C 13 -C 14 double bond (see Fig. 3 ). However, the respective photocycle does not result in vectorial proton translocation. The detailed description of this, so-called cis-photocycle can be found in [19, 20, 21, 22, 23, 24] . Figure 3 here A widely accepted model for the three-dimensional structure of bR has been provided by Henderson and coworkers using electron-microscopy at low temperature [25, 26] together with bR's amino acid sequence [27, 28] . The obversations resulted in a structure for the membrane-spanning helical portion of bR at a resolution of 3Å in a direction parallel to the membrane and at a resolution of 10Å perpendicular to the membrane. This structure provided an opportunity to explore, by means of computer simulations, the mechanism of bR's light-driven proton pump at the atomic level. Molecular dynamics techniques have been widely used to refine the Henderson structure and to study structural properties of the bR 568 pigment and its photocycle intermediates [29, 30, 31, 32, 33, 34, 35] .
While molecular dynamics is a very powerful tool for structural refinement, the realm of questions which can be addressed by this technique is rather limited. Processes like photoand thermally-induced isomerization of in situ retinal, as well as the proton transfer processes in bR (see Fig. 3 ), require detailed potential surfaces which need to be provided by quantum chemical methods. Quantitative prediction of the experimentally observed spectra of bR and its photocycle intermediates (see Fig. 3 ) also necessitate the use of quantum chemical calculations. However, such calculations need to be combined with classical molecular dynamics simulations to account for the effect of a thermal environment.
Quantum Chemistry of in situ Retinal
The description of the spectra and extremely rapid photodynamics of visual pigments and bacteriorhodopsin has been a major endeavor for quantum chemists. Until recently, only crude models could be applied in the study of the potential surfaces [36, 37, 38, 3] and spectral properties [39, 40, 41, 42, 43, 44] of in situ retinal, due to the lack of the necessary atomic structures. The determination of a low resolution structure of bR and its refinement by means of molecular dynamics simulations allows one now to explore the electronic properties and chemical transformations of retinal when bound within the apoprotein.
Major challenges associated with the ab initio electronic structure calculations of in situ retinal still remain. A first complication originates from the strongly correlated nature of the conjugated π-electron system of retinal. Retinal belongs to the family of polyene dyes, which are well known for their characteristic structure of alternating single and double π-electron bonds. Several research groups have studied the electronic structure and potential surfaces of conjugated polyene systems [39, 45, 46, 47, 48, 49, 50, 51] . A distinct feature of the electronic structure of a conjugated polyene is the existence of near-degenerate excited states, and crossing between different potential surfaces for the twisted geometries of a carbon chain [52, 53, 51, 54, 55] . The most efficient way of allowing for the existence of near degenerate states in quantum chemical calculations is through implemention of the multiconfigurational (MCSCF) treatment [56, 57, 58, 59] . Correlation effects can be taken into account more completely by performing configuration interaction (CI) calculations [60, 61, 62, 63, 64, 65] . However, the use of CI calculations on top of an ab initio MCSCF treatment is computationally prohibitive for almost any length of a carbon chain. An alternative and very promising approach is implemetation of multi-reference pertubation methods, such as CASPT2 [66, 67, 68] .
Another difficulty arises from the complexity of taking into account the protein environment when studying the electronic structure of retinal in bR. It has been observed that modification of protein groups in the vicinity of the retinal Schiff base shifts considerably the bR absorption spectrum [69] and affects drastically the rates of both thermally- [70] and photo- [71, 72] activated isomerization processes in bR. The experiments imply that the protein environment plays a crucial role in determining the physico-chemical properties of
The problem of the representation of the environment in electronic structure calculations of a molecule in situ is very complex. Initially, a combination of in vacuo ab initio quantum chemical and classical solvation energy calculations [73, 74] was implemented. Later, various techniques were developed which allow for the self-consistent ab initio treatment of a molecule embedded in a dielectric continuum [75, 76, 77] . At present, there exist a number of ab initio as well as semi-empirical techniques which try to account for the realistic atomic structure and charge distribution of the environment via explicit incorporation of protein (or solution) point charges in the electronic Hamiltonian of the quantum chemically treated substrate [78, 79, 80, 81, 82, 83] .
In our study, the refined structure of bacteriorhodopsin reported in [31] was used as a starting point for all the computations. This structure, corresponding to the bR 568 pigment, is depicted in Figures 2a and 5b . Figure 2a 
Modelling Spectral Properties of Bacteriorhodopsin
While, at first, retinal seems rather large for modern, correlated electronic structure techniques, in fact, because the chromophore is protonated while residing inside the protein, computations of the excited state absorption spectra require only a single CASSCF ab initio calculation to obtain both the ground and excited state energies. In contrast, polyenes require for the description of their spectra more extended calculations due to a near degeneracy of an ionic, optically allowed excited state, a covalent, optically forbidden excited state and admixtures of diffuse atomic orbitals. As a result, the excited states of long chain polyenes are typically hard to locate in electronic structure calculations. However, for the protonated Schiff base of retinal, the excited state resembles the ground state much more than a typical polyene [40] , and the lowest, optically allowed singlet state of retinal is easily detected in in vacuo electronic structure calculations. (For a more detailed discussion, see [47] .) Hence, single excited state CASSCF calculations (specifically, CASSCF(6,9)/6-31G ab initio calculations using Gaussian92, optimized for the first singlet excited state) describe well the optically allowed excitation energy. The excitation energy is thus the difference between the second and the first roots of the CI matrix.
Ab initio calculations have been performed on a modified retinal analog shown in Fig ab initio quantum chemistry calculations allow one to determine both equilibrium properties, e.g., the average value and equilibrium distribution of ∆E(t) values, as well as dynamical
properties, e.g., the autocorrelation function of ∆E(t). The computed absorption maximum of the D85N mutant, also shown in Fig. 5 , lies 50 nm to the red of the absorption maximum of native bR, the shift agreeing closely with the experimentally observed 47 nm red shift [69] . This agreement is quite remarkable considering the number of approximations made in treating the protein environment. However, the errors introduced seem to cancel systematically, expecially when computing the absorption spectral shift. This is a common feature of ab initio calculations, as energy differences (and differences of energy differences) are easier to compute than absolute energies.
The structures of bR and the D85N mutant are compared in Fig. 5(b) . Although the replacement of Asp-85 by Asn noticably changes the overall structure of the retinal binding pocket, the red shift in the absorption maximum of D85N mutants most likely results from the lower negative charge of the Schiff base counterion complex. Such an explanation is in accordance with the general concept that the proximity of a negative charge to the protonated Schiff base leads to a blue shifted excitation [39] . The effect is rationalized as being due to the transfer of negative electronic density to the Schiff base region in the excited state, thus making Coulomb interactions with a negatively charged counterion less favorable as compared to the ground state interactions of retinal. This rationalization is supported by the results of a Mulliken populational analysis of the electronic densities in both the ground and excited states which shows that upon excitation about 0.4 of an electron is tranferred to the Schiff base moiety of retinal. Fig. 4(1a,b) ) as well as in the overall shape of the corresponding auto-correlation functions (see Fig. 4(2a,b) ).
Both fluctuations of the retinal environment and the torsional motions of retinal lead to the boadenning of the absorption spectrum. The calculated width of the bR absorption spectrum compares well with the experimentally observed one, exceeding it by about twenty percent (see Fig. 5 ). It should be emphasized, though, that only 'inhomogeneous' broadening, i.e., broadening due to possible different conformations of the chromophore and its environment has been taken into account in our simulations. However, the experimentally observed line shape incorporates two different types of broadening. Along with 'inhomogeneous' broadening, there exists 'homogeneous' brodenning which is due to the transitions between different vibrational levels of the ground and excited electronic states in retinal.
The 'vibrational structure' of the bR spectrum consists of three major and a few minor [86] 'vibrational bands'. In case of the bR 568 spectrum, the 'vibrational structure' is manifested in the asymetrical nature of the experimentally observed absorption line shape (Fig. 5 ).
The 'vibrational broadenning' is an essentially quantum effect, which can be properly taken into account by performing vibrational normal mode calculations for the ground and ex- 
Modeling the Dark Adaptation of Bacteriorhodopsin
Many important functions of bR proceed through the thermally activated isomerization of retinal around one or two of its double bonds; such functions include the conversion of 13-cis retinal to the all-trans configuration during the later stages of the pump cycle, the process of dark adaptation in bR, and a possible leakage pathway from the 13-cis (dark adapted) to the all-trans (light adapted) photocycle. While standard MD force fields can describe the ground state isomerization only for assumed models of the isomerization barriers, current computational facilities permit a partial quantum mechanical treatment of the ground state potential surface of in situ retinal, avoiding an a priori choice of an isomerization barrier.
A full ab initio description still remains out of reach, and we can at best hope to model the isomerization process of in situ retinal by treating the chromophore electronic degrees of freedom quantum mechanically and the protein environment along with its dynamics classically. The current section describes our efforts to develop a mixed ab initio quantum mechanical/classical simulation. We apply our simulations to study the dark adaptation process in bR, which involves a reversible thermally activated transformation of retinal from an all-trans to a 13-cis,15-syn configuration as shown in Fig. 6 . Figure 6 here The ground state potential surface of retinal has been computed within Gaussian92 using the CASSCF(6,9)/6-31G level of ab initio calculations. Calculations have been performed on a modified retinal analog ( Fig. 1(b) ) with the β-ionone ring and two methyl groups removed.
Charges of all atoms in the protein are represented by spherical Gaussians (with a half-width of twoÅ) and are explicitly included in the electronic Hamiltonian of retinal. The in situ isomerization is modelled by following a pre-defined reaction coordinate (co-rotation around the C 13 -C 14 and C 15 -N retinal double bonds combined with a complete minimization of the whole protein). In calculating the in vacuo potential surface of retinal, the same sequence of retinal conformations have been chosen without taking into account the protein charge environment.
An example of the retinal dark adaptation potential surface for a particular snapshot structure is shown in Fig. 7a . It is seen that the placement of retinal inside the protein reduces the isomerization barrier governing the thermal isomerization of retinal around two (C 13 -C 14 , It has been found that the potential barrier for dark adaptation depends on the momentary protein structure. In order to evaluate the overall rate of the dark adaptation proccess one must consider an ensemble of trans-bR structures and determine the distribution of energy barriers. Shown below is one possible way of tackling the problem of multiple energy barriers.
Effective Energy Barrier of Dark Adaptation
In order to determine the kinetics of the dark adaptation process, the isomerization potential barriers were computed for a number of different structures selected at equal time intervals from an MD trajectory. The obtained distribution of barrier heights was approximated by a Gaussian, parameterized by the average value E 0 and the RMSD σ of the computed barrier heights. By integrating over an assumed Gaussian distribution of barriers, we obtain the effective activation energy, which is related to the overall rate of the dark adaptation process. For this purpose we obtain the expression for the rate of dark adaptation
Here p(E) is the distribution of barrier hights.
As stated above, p(E) is modelled by a Gaussian distribution; however, in order to obtain a consistent result for any possible Gaussian distribution, one has to assume in the integrals
(1) that an activation energy cannot be smaller than some minimal value E min . E min is taken as a minimal activation barrier among all considered structural snapshots. Our simulations yield E min = 21 kcal/mole at T = 300 K. Accordingly, we expess the rate constant of dark
This expression is matched to the conventional Arrenius expression
where E eff can be temperature dependent. There exist two limiting cases.
In case of E 0 >> σ 2 /RT one approximates
In case of E 0 << σ 2 /RT one approximates
Many experiments suggest that the dark adaptation process in bR is catalyzed by protonation of the Asp-85 side group [70] (see Fig. 6 ). To test this hypothesis we have carried out simulations for both deprotonated and protonated states of Asp-85. The resulting distributions of the energy barriers for both protonation states of Asp-85 are shown in Figure 8 .
When Asp-85 is deprotonated, we obtain E 0 = 39 kcal/mole, σ = 4 kcal/mole, yielding according to (4)
When Asp-85 is protonated, we obtain E 0 = 31 kcal/mole, σ = 8 kcal/mole, yielding according to (5)
It follows that protonation of Asp-85 increases the dark adaptation reaction rate by a few orders of magnitude, which is in good agreement with experiment. Figure 7 here In general, our study supports the notion that Coulomb interactions play a major role in governing chemical transformations in a protein [82, 87, 88, 89, 90] . However, Coulomb interactions cannot be properly accounted for by mere pairwise potentials of classical electrostatics, since the protein charge environment polarizes significantly the substrate and alters its electronic structure. It can also be concluded that protein thermal motions significantly broaden the energy distribution which enters into the rate equations for in situ chemical transformations.
Further Developments
One of the major challenges in the field of bR modelling is the quantitative prediction of the experimentally observed spectral properties and photo-reactivity of bR. These require a combination of quantum chemical and molecular dynamics calculations. Many efforts are being invested at present into merging molecular dynamics and quantum chemistry techniques [81, 83, 91, 87, 90, 84, 92] . The importance of combining these two major tools of computational chemistry is now being realized to a large extent by both the molecular dynamics and the quantum chemistry communities.
In our studies we have applied a combination of quantum chemistry and molecular dynamics techniques to study the spectral properties and isomerization potential of in situ retinal. Our first attempt to use a combined quantum/classical mechanical approach to study electronic properties of bR can be considered successful. We have been able to describe satisfactorily the spectral properties of bR as well as the thermally activated isomerization of in situ retinal responsible for the dark adaptation of bR. This accomplishment paves the road towards further simulation of the entire bR photocycle by means of combined quantum/classical techniques.
The most fascinating process associated with the bR proton pump mechanism is the primary photoisomerization reaction (see Fig. 3 ). It occurs on a time scale of a few hundred femtoseconds and constitutes the fastest chemical process known in biology. The primary photochemical event is typical not only for bR, but is shared by all proteins incorporating the retinal prosthetic group. In situ photoisomerization of retinal is quite different from that in solution in the sense that the arrangement of the protein side groups determines both the stereochemistry and the time scale of the primary photochemical event.
Another chemical process which is essential for the function of bR is the proton transfer reaction. The overall proton pump activity of bR results from a series of elementary proton transfer processes performed mainly in the same vectorial direction from inside to outside of the cell (see Fig. 3 ). It is important to understand on a quantitative level the major driving forces which determine this vectorial transfer of a proton across the membrane and to be able to predict the rates of the individual proton tranfer steps which can be measured experimentally. The problem of adequate modelling of in situ proton transfer reactions extends far beyond the bR proton pump cycle itself, since it is one of the most common elementary chemical process to be found in a living cell (see, e.g., [93, 94] ) .
It is evident from the present study that further improvements in both the level of quantum chemical ab initio calculations and the accuracy of bR models are needed in order to describe quantitatively the wide range of experimentally observed bR properties. As was pointed out ealier, both static (due to state degeneracies) and dynamic (due to electronelectron pairwise interaction) correlation effects are of importance when considering the electronic structure of conjugated polyene molecules such as retinal. However, the CASSCF level of ab initio calculations employed in the present study accounts only for the static correlation effects due to the near degeneracy of a few close-lying electronic states. Dynamic correlation has not been accounted for properly in the present study. To account for the 
